Abstract To understand effects of milling, scented rice 'Cheonjihyang-1-se' was milled from 10 to 140 s and changes in volatiles, phytonutrients, and fatty acids were evaluated. Among 43 identified odor-active compounds, four volatiles, including hexan-3-one, exhibited decreases of up to 78%, while four others including (E)-non-2-enal, increased following milling. Levels of 2-acetyl-1-pyrroline, the most distinctive popcorn-flavoring compound in scented rice, were not affected by the degree of milling (DM). Partial least squares discriminant analyses of volatiles were able to differentiate white rice according to the DM. Benzene and 2-pentylfuran showed the highest variable importance in projection scores, which could be applied in estimating the DM of rice. Milling significantly decreased tocopherols, tocotrienols, squalene, phytosterols contents and oleic acid composition, while palmitic acid composition was increased. These results suggest milling-dependent variations in phytonutrient levels and lipid composition, as well as changes in aroma and subsequent market quality, in 'Cheonjihyang-1-se' rice.
Introduction
Rice (Oryza sativa L.) is an important cereal crop, supporting more than half of the world's population as a staple food, especially in Asian countries. Although high-yield rice varieties have been a major objective of farmers and breeders, recent customers' preferences have shifted toward some of the qualitative traits of rice. Different cultures have different definitions of, and preferences in, rice quality. For example, Korean, Chinese, and Japanese customers prefer sticky rice with low amylose and protein contents, while aroma, grain size and shape, and non-sticky properties are important factors determining the quality of rice in countries with a prevalent Indian culture.
A typical means of enhancing the quality of white rice is milling, which removes the fiber-rich bran that is responsible for the low palatability of brown rice. Milling is a physical process that cuts off the exterior bran and embryo of brown rice and can cause physical damage resulting in structural changes, followed by changes in the physiochemical properties and perceived quality of white rice [1, 2] .
Nutritional value has also become important to customers. Unfortunately, the rice bran that is removed by milling is a rich source of phytochemicals compared to the starch-rich endosperm. In addition to minerals and dietary fiber, major phytonutrients such as oryzanols, tocopherols, tocotrienols, squalene, phytosterols, phytic acid, and polycosanols are relatively concentrated in rice bran. The antioxidative, anticancer, hypolipidomic, blood glucoseand cholesterol-lowering effects of rice bran are well documented [3, 4] . The typical commercial degree of milling (DM) in Korea, termed '10% milling', is equivalent to an 8% weight loss in brown rice. In some cases a higher DM is applied. For example, '12% milling', refers to an equivalent 10% weight loss consisting of 2-3% germ and 5-8% bran. Milling processes may produce broken kernels and additional weight loss, which are important economic factors in the rice industry. Therefore, the DM needs to be carefully monitored and controlled [5] .
The aroma or scent of rice also plays an important role in determining the rice quality, especially in South East Asian countries [6, 7] . Aromatic or scented rice varieties, such as Basmati and Jasmine rice, have unique flavor properties and are sold at higher prices in both local and global markets [8] . The flavor of scented rice is determined by a complex combination of volatile compounds, and more than 300 volatiles have been reported in unprocessed and cooked rice [6, 9, 10] . Among these, 2-acetyl-1-pyrroline (2AP) yields a popcorn-like aroma and is considered to be the most important aromatic compound in rice [11, 12] . Due to its importance in characterizing the flavor of scented rice, genes related to 2AP [13] , the evolution [14] and biosynthetic pathway of 2AP production [15] , and the effects of environmental conditions and cultivation practices on 2AP content [16] have been intensively studied. Additional odor-active compounds, including hexan-1-ol, benzaldehyde, hexanal, 2-pentylfuran, and octanal, have relatively low detectable odor thresholds and consequently high impacts on the overall flavor of rice [9] .
Traditionally, in Korea, rice aroma has not been an important qualitative trait. This may be due to the lack of a gene source or model variety with aromatic properties in Korean landraces. Recently, however, customers' demands for scented rice have increased, stimulating the production of new scented rice varieties such as 'Hyangmibyeo-1-ho', 'Hyangmibyeo-2-ho', 'Hyangnambeyo', 'Mihyangbyeo', 'Arangchalbyeo', 'Seolhyangchalbyeo', and 'Heukhyangbyeo' [17] . One of great concerns in these scented rice varieties is possible loss of aromatic property caused by milling process.
Although many reports describe the effects of milling on eating quality, physiochemical properties, and nutritional value of rice [18] , only limited information is available on the spatial distribution of flavoring compounds in the bran, embryo, and endosperm. This study was conducted to understand milling-dependent flavor and phytonutrientrelated properties of 'Cheonjihyang-1-se', a scented rice variety released in 2016.
Materials and methods

Plant materials and sample preparation
The rice variety 'Cheonjihyang-1-se' was cultivated in a paddy field in Suwon, Korea according to standard rice cultivation practices. Harvested rice samples, adjusted to a 16% water content, were dehusked into brown rice using a rice huller (BH-06, SY21 THC, Incheon, Korea), doublepacked in Ziploc freezer bags, and stored at -50°C. Prior to analysis, frozen samples were thawed overnight to room temperature and abnormal rice grains were removed for sample uniformity. To obtain white rice at different DMs, 100-g samples of brown rice were milled for 10, 20, 40, 60, 80, 100, 120, or 140 s using a milling machine (TM-05, Satake, Japan). These DMs correspond to weight losses of 1.33, 2.49, 4.43, 5.69, 6.87, 7.99, 9.40, and 11.0%, respectively. Milled white rice samples were passed through a 1.4-mm sieve, to remove bran and broken kernels prior to analysis. Intact grains were used for analyses of volatile compounds, while grains used for phytonutrient analyses were pulverized into fine powders using a micro hammer mill (Culatti AG, Zürich Switzerland) immediately prior to extraction.
Analysis of volatile compounds by HS-SPME-GC/MS
For volatile compound analyses, 2.0 g of rice sample was placed in a 20-mL headspace (HS) vial and spiked with 100 lL of ultra-pure water containing 100 ng of 2-acetylpyrrole as an internal standard. The vial was then tightly sealed with a Teflon-lined magnetic headspace cap. Volatile compounds were released by pre-heating the sample at 80°C for 40 min and adsorbed onto a solid phase microextraction (SPME) fiber (divinylbenzene/carboxen/ polydimethylsiloxane stableflex fiber, Supleco, Bellefonte, PA, USA) for 25 min at 80°C. Volatiles were desorbed by injecting the SPME fiber into the inlet port of a GC/MS (QP2010 Ultra, Shimadzau, Japan) for 10 min. After each injection, the SPME fiber was placed in an automatic thermal cleaning chamber for 5 min at 260°C prior to starting the next sample analysis. Volatile compounds were separated using an Rxi-5sil MS capillary column (30 m 9 0.25 mm ID, 0.50 lm thickness, Restek, USA). The GC oven temperature was initially held at 40°C for 5 min, then increased to 160 AE C at 2.5°C/min, followed by an increase to 270°C at 20°C/min and held for 5 min. The carrier gas consisted of helium (99.999%) at a constant flow rate of 1.04 mL/min in splitless mode. The inlet port was maintained at 250°C. The total GC cycle time consisted of a 63.5-min run and a 10-min re-stabilization step. The mass spectrometer (MS) conditions were as follows: ion source 200°C, interface temperature 270°C, electron energy 70 eV, solvent cut time 3 min, scan range 35-650 m/z. The consistent performance of the SPME fiber was evaluated by monitoring the peak area of the internal standard. The relative standard deviation (RSD) of the internal standards' peak area throughout the whole experiment was 7.2%.
Identification of volatile compounds
Volatile compounds were identified by comparing their mass spectra and relative abundances (similarity [ 75%) with NIST08 (Shimadzu, Japan), and FFNSC 2 (Flavor and Fragrance Natural and Synthetic Compounds, ver 2.0, Shimadzu, Japan) spectral libraries. In addition to mass spectral similarities, retention indices (RI) were obtained under our experimental conditions by injecting a series of n-hydrocarbons (C 8 -C 20 ), and were compared against those of the aforementioned spectral libraries (acceptance range: -5 \ RI \ ? 5). Additional confirmation of the presence of a particular compound in rice was performed by comparing the properties of a compound identified in our rice sample(s) with those given in previous reports and with the 335 rice-originated volatile compounds listed in the Volatile Compounds in Food (VCF) online library (http://www.vcf-online.nl/VcfHome.cfm) [19] . Among the 98 volatile compounds identified (data not shown), odorinactive compounds that cannot be sensed by the human nasal system and, consequently, cannot contribute to the aromatic properties of rice, were excluded from this study.
Analysis of tocols, squalene, and phytosterols
Lipophilic phytonutrients such as tocopherols, tocotrienols, squalene, campesterol, stigmasterol, and sitosterol were analyzed in accordance with Bhandari et al. [20] with slight modifications. Rice powder (2.0 g) was placed in a 50-mL tube. After adding ascorbic acid (0.1 g) and ethanol (10 mL), phytonutrients were extracted in a water bath (80°C) for 18 min. After adding 300 lL of saturated KOH, each sample was saponified for 18 min at 80°C. After immediately cooling the tube in an ice bucket, 10 mL of distilled water and 10 mL of hexane were added and thoroughly mixed by vortexing and the hexane layer was collected. After repeating this process twice more for each sample, the combined hexane layers were washed three times with distilled water and dried by passing through anhydrous Na 2 SO 4 . The hexane was evaporated and the residue was resuspended in 1 mL of isooctane and injected into the GC/MS (QP2010 UItra, Shimadzu, Japan). A BR-5 capillary column (25 m 9 0.25 mm) was used for separation with a 1.2-mL/min flow rate of carrier gas (He, 99 .99%) at a split ratio of 1:5. The oven temperature started at 240°C for 1 min and was then increased to 290°C at 3°C/min and held for 15 min. The temperature of the ion source and interface were 200 and 280°C, respectively. Quantification of each compound was performed by comparing the area of characteristic peaks against those of authentic standards (Sigma, USA). The following m/z values were used for compound quantification: squalene 69, d-tocopherol 402, b-and c-tocopherol 416, dtocotrienol 346, a-tocopherol 430, c-tocotrienol 410, campesterol 400, a-tocotrienol 424, stigmasterol 412, and b-sitosterol 414.
Analysis of fatty acid composition
A one-step extraction/methylation method [21] was applied with slight modifications for fatty acid analyses. Each powdered rice sample (0.2 g) was placed into a 1.5-mL amber vial. After adding 680 uL of reaction solution (MeOH:benzene:2,2-dimethoxypropane:H 2 SO 4 = 39:20:5:2) and 400 uL of heptane, the vial was vortexed and kept at 80°C for 2 h for extraction and methylation. After cooling the vial to room temperature, the heptane layer was collected, centrifuged at 12,000 rpm for 5 min, and transferred into another vial for injection into the GC (GC-2010 Plus, Shimadzu, Japan). Fatty acid methyl esters (FAME) were separated through a CP-SIL 88 CB FAME column (100 m 9 0.25 mm) using the following temperature program: start at 100°C and hold for 5 min, increase to 180°C at 4°C/min and hold for 5 min, increase to 210°C at 5°C/min. The injector and FID detector temperatures were 210°C, and the helium carrier (99.99% purity) maintained a flow rate of 1.2 mL/min with a split ratio of 1:20. For identification, the retention time of each FAME peak was compared against those of 37 authentic FAME standards (Supelco, USA), and the relative composition of each fatty acid was expressed as a percentage of the total FAME peak area.
Statistical analysis
All measurements for volatile compounds, phytonutrients, and fatty acids were performed in 3 independent replications. For quantitative studies on volatiles, the peak area of each volatile compound in the total ion chromatogram (TIC) was normalized to the peak area of the internal standard in each sample. This relative amount was used in the following statistical analyses. For general statistics, the SPSS (ver. 22) software package [22] was used. MetaboAnalysis 3.0 (http://www.metaboanalyst.ca/ [23] ) was used for multivariate analyses, such as partial least squares discriminant analyses (PLS-DA), after mean-centered scaling of the data and dividing by the standard deviation of each volatile compound.
Results and discussion
Changes in the levels of odor-active compounds
The degree of milling is known to be related to the sensory properties of white rice [24] . A total of 43 odor-active compounds were identified from unprocessed 'Cheonjihyang-1-se' rice (Table 1) , consisting of 12 aldehydes, 12 alcohols, 1 base, 1 furan, 10 hydrocarbons, and 7 ketones. Nonanal, tetradecane, 2-acetyl-1-pyrroline, dodecane, and octan-1-ol were major components with average compositions of 19.8, 6.7, 5.8, 5.7, and 5.5%, respectively, of the total peak area of all compounds. The average peak area composition of other important odor-active compounds such as hexan-1-ol, benzaldehyde, hexanal, 2-pentylfuran, octanal were 3.4, 1.3, 3.6, 1.6, and 2.4%, respectively.
Out of the 43 compounds identified, eight odor-active compounds exhibited statistically significant (p \ 0.05) changes in their relative amounts at different DMs ( Table 1 ). The levels of hexan-3-one, benzene, 2-pentylfuran, and pentanal decreased continuously in proportion to increasing DM. For example, the amount of pentanal extracted after 10 s of milling decreased by 21, 47, and 78% after 40, 80, and 140 s of milling, respectively. The amounts of hexan-3-one (79%), benzene (70%), and 2-pentylfuran (54%) also decreased significantly between 10 and 140 s of milling. In contrast, other compounds increased with the DM. The most distinctive case was (E)-non-2-enal, which exhibited an increase of 252% between 10 and 140 s of milling. The sensory threshold of (E)-non-2-enal is reportedly as low as 0.08 ppb [9] . Therefore, even slight changes in its concentration may contribute to detectable changes in the odor properties of milled rice. Pentadecanal (185%), (5E)-6,10-dimethylundeca-5,9-dien-2-one (172%), and menthol (159%) also showed significant increases between 10 and 140 s of milling. Most of the remaining odor-active compounds, including 2-acetyl-1-pyrroline, (E)-2-decanal, octanal, and 1-octen-3-ol [9] , showed no significant changes as a function of DM.
In scented rice, the popcorn-flavoring 2-acetyl-1-pyrroline (2AP) is considered to be the most important volatile compound characterizing aromatic properties. Thus, any milling-induced losses of 2AP will result in significant losses in market value. Under our experimental conditions, however, no significant differences in 2AP levels were observed as a function of DM (Fig. 1) . These findings suggest that higher degrees of milling, to enhance eating quality, will not diminish the aromatic properties of 'Cheonjihyang-1-se' rice. These results are consistent with those of Grim et al. [25] , who reported consistent 2AP levels across different milling fractions in 21 rice varieties. Contradictory reports, however, describe decreasing 2AP levels at high DM [26] , which may be due, in part, to differences in rice variety.
Although no statistically significant differences among DM were observed, various compounds exhibited increasing or decreasing tendency as a response to milling, and consequently the DM also affected the relative contributions of chemical groups into which the individual identified compounds are classified. Higher DMs resulted in an increase in aldehydes from 35 to 45% between 10 and 140 s of milling and a decrease in hydrocarbon content from 29 to 20%. These changes were more prominent between 100 and 120 s of milling, corresponding to 8.0 and 9.6% weight loss, which is the level of DM most popular in Korea. Levels of ketones and furans also decreased with extended milling. In contrast, alcohols maintained 21 to 24% regardless of the DM.
To optimize the differentiation of rice as a function of DM, a partial least squares discriminant analysis (PLS-DA) was applied to each identified odor-active compound and approximately 64% of the observed variations could be explained [ Fig. 2(A) ]. The overall classification of rice at different DMs was acceptable, although rice samples with close DMs could not be fully separated. Rice samples with DMs between 10 and 40 s exhibited similar odor-active compound profiles, resulting in poor classification by PLS-DA [ Fig. 2(A) ]. Similarly, rice samples with DMs between 80 and 100 s, or between 120 and 140 s, exhibited similar odor-active compound profiles. These results suggested possible 3 groups of white rice with distinctive volatile profiles corresponding to DM; low (10-40 s), medium (60-100 s), and high (120-140 s) degree of milling. Further interactive studies on cellular, physiochemical, and aromatic properties across the rice grain may elucidate customers' palatability preference.
Variable importance in projection (VIP) values acquired by PLS-DA suggested benzene, 2-pentylfuran, and pentanal as characteristic compounds in low-DM rice, while (E)-non-2-enal, hexanal, and pentadecanal were indicative of high-DM rice [ Fig. 2(B) ]. Since variables with VIP scores higher than 1.0 have statistical meaning for group classifications, all of the compounds listed in Fig. 2(B) can be considered indicators for estimating the DM of 'Cheonjihyang-1-se' rice. These results suggest that profiles of volatile compounds, especially odor-active compounds, can be used as tools for discriminating rice as a function of DM. However, considering the complex interactions among aromatic compounds in determining the final flavor characteristics of rice [7, 27] , and the distinctive differences in the sensory thresholds of each compound [9, 28, 29] , it should be noted that further studies are required to assess not only quantitative changes in the levels of single compounds but also the interactive effects of multiple volatile compounds in a single sample. These studies would further our understanding of the effects of milling on the aromatic properties and subsequent market value of scented rice. Milling effects on aromatics and phytonutrients 387 Table 1 continued Changes in squalene, tocols, and phytosterols content
Several reports have detailed the higher phytonutrient content of rice bran compared to white rice. High degrees of milling may decrease the nutritional value of white rice [3] . In the current study, levels of all of the evaluated phytonutrients, including tocols, squalene, and phytosterols, decreased significantly as a function of increasing milling time ( Table 2 ). The total content of vitamin E, consisting a-, b-, c-tocopherols and a-, c-tocotrienols, decreased from 16.31 lg/100 g at 10 s of DM to 5.72 lg/ 100 g after 140 s of milling, representing a 70% reduction. All five tocol isomers exhibited similar patterns, although the tocopherols showed slightly greater reductions compared to tocotrienols. Squalene content decreased continuously by 13, 37, 54, and 65% between 10 s and 20, 60, 100, and 140 s of milling, respectively. All of the tested phytosterols experienced decreasing levels as a function of increasing DM. The total phytosterol content of 179 lg/ 100 g at 10 s DM decreased to 71.22 lg/100 g after 140 s of milling. Among the phytosterols, campesterol and stigmasterol were affected less than sitosterol. The observed decreases in phytonutrient content with increasing DM are as expected. The phytonutrients evaluated herein are lipophilic and the rice bran that is removed by milling contains a higher lipid content than white rice [18, 30] . Considering the degree of phytonutrient loss as a function of increasing milling time, the milling of scented white rice needs to be carefully optimized to preserve its aromatic properties and nutritional value.
Changes in fatty acid composition
Regardless of DM, the major fatty acids in white 'Cheonjihyang-1-se' rice were linoleic, oleic, and palmitic acids, representing 38, 30, and 27% of all 10 fatty acids, (Fig. 3) . In contrast, palmitic acid, which presented at 23.3% after 10 s of milling, increased to 24.7, 28.1, and 31.2% after 40, 100, and 140 s of milling, respectively. Although its composition was as low as 1%, myristic acid also exhibited continuously increasing pattern under higher milling degree conditions. Another major fatty acid, linoleic acid, maintained a constant composition between 37.3 and 38.7% regardless of DM, corresponding to a relative standard deviation as low as 1.4%. These results suggest a varying fatty acid composition through the outer layers of the rice grain. If this is indeed the case, then different degrees of milling would result in white rice kernels covered by outer layers with different lipid compositions, which may in turn produce unique profiles of odor-active compounds, as observed in Table 1 . It has been reported that degradation of fatty acids can alter the flavor properties of rice by producing lipid-derived odor-active compounds [31] . Various aldehydes, such as octanal, heptanal, nonanal, are produced by the degradation of oleic acid, while hexanol, pentanol, and 2-pentylfuran can be produced from the degradation of linoleic acid [31, 32] . In our experiments, however, no distinctive correlationship between the aforementioned fatty acid composition and the concentrations of volatile compounds was observed. This may due to our use of uncooked white rice immediately after milling allowing no time for the thermal degradation of lipids and subsequent conversion of fatty acids into their corresponding volatile compounds. In this research only relative composition of fatty acids were evaluated, and additional quantitative researches on changes in amount of each individual fatty acid will be helpful to understand relationship between fatty acid alterations and flavor property in scented rice as affected by milling (Fig. 3) . Our experiments utilized only unprocessed white rice for characterizing the effects of milling on aromatics and phytonutrients. Further research is required on the relationships between those in unprocess white rice and resultant properties in cooked rice as a function of milling degree, including sensory evaluations and customer preference tests. 
